Amblyopia is a visual disorder caused by poorly coordinated binocular input during development. Little is known about the impact of amblyopia on the white matter within the visual system. We studied the properties of six major visual white-matter pathways in a group of adults with amblyopia (n = 10) and matched controls (n = 10) using diffusion weighted imaging (DWI) and fiber tractography. While we did not find significant differences in diffusion properties in cortico-cortical pathways, patients with amblyopia exhibited increased mean diffusivity in thalamo-cortical visual pathways. These findings suggest that amblyopia may systematically alter the white matter properties of early visual pathways.
Introduction
Amblyopia is a developmental disorder that occurs when the visual input from the two eyes is poorly correlated during early development. Such poor correlation may be due to a chronically blurred image in one eye (anisometropia), a turned eye (strabismus), or deprivation of one or both eyes. Since visual input is atypical in amblyopia, it is of interest not only as a clinical disorder, but also as a human model of the interplay between sensory input and neural development. Accordingly, amblyopia has been widely studied both neurophysiologically (Hubel & Wiesel, 1970) and psychophysically (Asper, Crewther, & Sheila, 2000) .
Amblyopia is associated with impairments in both monocular and binocular vision (McKee, Levi, & Movshon, 2003) . Monocular deficits are apparent when patients use only their amblyopic eye, and include impaired spatial acuity (Holmes & Clarke, 2006; Levi & Klein, 1982) , reduced contrast sensitivity (Hess & Howell, 1977; Levi & Harwerth, 1978) and impaired performance on tasks requiring the integration of form or motion (for a recent review see Hamm et al., 2014) . Binocular visual dysfunction is also common in patients with amblyopia, often resulting in severely degraded or absent sensitivity to binocular disparity (Holmes & Clarke, 2006; Li et al., 2011) .
The neuro-anatomical consequences of amblyopia in humans are less established than the functional deficits. There is evidence for reduced grey matter in the lateral geniculate nucleus (LGN) (Barnes et al., 2010; von Noorden, Crawford, & Levacy, 1983) , and the primary and extrastriate visual cortex (Chan et al., 2004; Mendola et al., 2005) . Whether these structural changes are restricted to grey matter or affect the white matter is an open question, although some evidence for abnormal development of the prechiasmatic pathways (Gümüstas et al., 2013; Pineles & Demer, 2009 ) and optic radiations has been reported in children with amblyopia (Ming-xia et al., 2007; Song et al., 2010; Xie et al., 2007) .
Recent developments in MRI-based diffusion weighted imaging (DWI) and tract-estimating algorithms (called ''tractography'') provide means to identify the anatomy, location and structural properties of white matter pathways. The ability to identify the general characteristics of these pathways in humans in vivo is a crucial step in understanding how visual networks develop. Accordingly, we used a novel DWI protocol that is able to track multiple, potentially intersecting tracts within the visual system, and assessed whether the structural properties of white matter within the visual system differed between controls and participants with amblyopia.
We selected a number of white matter pathways, that connect visual areas known to be affected by amblyopia (LGN, V1 & hMT+) . The first pathway of interest was the optic radiation, a primary thalamo-cortical pathway projecting from the lateral geniculate nucleus to the primary visual cortex. Functional (Hess et al., 2009 Levi & Harwerth, 1978; Lv et al., 2008; Miki et al., 2003; Mizoguchi et al., 2005) and structural (von Noorden, Crawford, & Levacy, 1983; Movson et al., 1987; Barnes et al., 2010; Chan et al., 2004; Lv et al., 2008; Mendola et al., 2005) abnormalities have been reported in the LGN and V1 in adults with amblyopia. From V1, we focused on the dorsal white matter projection to area hMT+. This area has a well-established role in the integration of motion information, and is sensitive to binocular disparity (Born & Bradley, 2005; Felleman & Van Essen, 1991; Lewis & Van Essen, 2000; Zeki et al., 1991) , functions that are affected by amblyopia (Li et al., 2011; McKee, Levi, & Movshon, 2003; Simmers et al., 2003) . Furthermore, functional abnormalities of MT/hMT+ have been reported in both human and non-human primates with amblyopia (Bonhomme et al., 2006; Ho & Giaschi, 2009; El-Shamayleh et al., 2010; Secen et al., 2011; Thompson et al., 2012) .
The cortical pathway from V1 to hMT+ is central to conscious perception of visual motion (Cowey, 2010; Rodman, Gross, & Albright, 1989; Schoenfeld, Heinze, & Woldorff, 2002) . However, temporary (or even permanent) disruption of V1 activity does not abolish the direction-specific responses to motion in area hMT+ (Cowey, 2010; Cowey & Stoerig, 1991; Zeki & Ffytche, 1998) or MT-MST in macaques (Rodman, Gross, & Albright, 1989 , 1990 . The fact that visual motion information can still be processed when V1 is lesioned indicates that area hMT+ must receive some input that does not relay through the primary visual cortex.
Indeed, subsequent human and non-human investigations have identified two additional direct thalamic projections to hMT+, which bypass V1 entirely. First, a ''subcortical'' pathway projects from predominantly koniocellular layers in LGN directly to hMT+ (Sincich et al., 2004) . To date, the functional role of this pathway and its role in development and behavior in health and disease has not been determined. A second subcortical pathway connects area hMT+ and the inferior pulvinar nucleus (PLN). Activity in this subcortical visual pathway has been associated with the control of eye movements (Chalupa, Coyle, & Lindsley, 1976; Robinson & McClurkin, 1989) , and motion perception (Berman & Wurtz, 2010; Berman & Wurtz, 2011; Casanova et al., 2001; Shipp, 2001) . Work in humans suggests that this pathway mediates residual motion perception in blindsight (Cowey, 2010; Intriligator, Xie, & Barton, 2002; Lanyon et al., 2009; Leh et al., 2010; Poppel, Held, & Frost, 1973; Rodman, Gross, & Albright, 1989 , 1990 Stoerig & Cowey, 1997) , and may underlie Riddoch's phenomenon when conscious motion perception is spared (e.g., Zeki & Ffytche, 1998) .
In addition to the thalamo-cortical pathways described above, we also investigated the interhemispheric pathways connecting the left and right hMT+ and V1. These pathways pass through the posterior aspect of the corpus callosum and have been linked to the processing of horizontal motion and anchoring percepts of bistable motion stimuli (Genç et al., 2011) .
In the first part of our study, we used DWI and probabilistic tractography to identify the location and diffusion properties of these six early visual pathways in 10 normally sighted participants. By modifying standard techniques for analyzing DWI data, we were able to successfully identify previously difficult to isolate white matter tracts, including the optic radiations and the two subcortical projections to hMT+ that bypass V1 described above. The methodological improvements our protocol offers over traditional DWI tractography methods are considered in the discussion.
We then identified the same six pathways in 10 participants with strabismic, anisometropic or mixed amblyopia. We found significant increases in mean diffusivity within thalamic projections in patients with amblyopia relative to controls. In contrast, no differences were found in cortico-cortical pathways. These results suggest that amblyopia may affect the structural properties of early visual pathways originating in the thalamus.
Methods

Participants
Controls
Ten normally sighted individuals (6 males), aged between 26 and 66 years (mean = 37.3, SD = 13.8), participated as age-matched controls in the study. One participant (male, aged 66 years), whose data contained consistent outliers likely due to excessive head motion, was excluded from the analyses. The next oldest control participant was 65 years old. These participants had normal or corrected-to-normal vision and reported no history of visual disorders.
Participants with amblyopia
Ten individuals (6 males) with amblyopia, aged between 19 and 67 years (mean = 40.6, SD = 14.7), participated in the study. Three had strabismic amblyopia, five anisometropic amblyopia and two mixed amblyopia (both strabismus and anisometropia). Anisometropia was defined as a P1D spherical equivalent difference between the two eyes. Visual acuity was measured using an ETDRS chart viewed from 6 m and stereopsis was measured using the Randot Stereo test (see Table 1 for details). Informed consent was obtained in accordance to the requirements of the IRB review board committee of the University of Auckland. All work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Magnetic resonance imaging
Scans were conducted with a Philips Achieva, 3-T magnetic resonance scanner at Trinity MRI, Auckland, New Zealand equipped with a Phillips 8 Channel head coil. The scanning session included a T1-weighted anatomical scan (2.7 ms TE; 5.8 ms TR; 8°flip angle, 1 mm 3 voxel size) followed by a diffusion-weighted scan (singleshot spin echo EPI, parallel imaging (55 slices)) with 32 measured diffusion directions. Diffusion scans were measured with transverse orientation; AP fold-over direction; TE: 72 ms; TR: 7.139 s; flip angle: 90°; isotropic 2.5 Â 2.5 Â 2.5 mm 3 resolution; FOV: LR 240 mm Â AP 240 mm Â FH 137.5 mm; acquisition matrix MxP: 96 Â 94; reconstruction matrix 96 Â 96; B value = 1000; total scan time: 4:02.9 min. We used partial k-space acquisition (SENSE = 2). Fig. 1 shows the steps involved in the preprocessing and analysis of the diffusion data.
Data processing
Pre-processing & tensor fitting
First, the mean b = 0 was computed for the diffusion weighted images, followed by an eddy current correction (with resampling). The corrected DWI data was then aligned to the T1 image. In order to characterize the local properties of the white matter, tensors were fit using the ''least-squares'' tensor estimation (bootstrapped 500 times; Basser, Mattiello, & LeBihan, 1994) . Diffusion imaging pre-processing was performed using vistasoft (Stanford University, Stanford, CA, github.com/vistalab/vistasoft/mrDiffusion). See 
ROI identification
The optic chiasm of each participant was identified using gross anatomical landmarks in the T1 image with a fractional anisotropy map overlain. A 2 mm radius sphere was placed in this region to define the chiasmic ROI. Fiber projections from this ROI were estimated using a streamlines tracing technique (STT) (1 mm step size, 30°angle threshold, 0.2 FA threshold, linear interpolation, 15 mm length threshold). The estimated tracts projecting from the chiasm and terminating in the lateral-posterior thalamus provide a reliable marker of LGN location (Basser et al., 2000) . A 4 mm radius sphere was placed where the fiber estimates terminated in the lateral thalamus and acted as the LGN ROI. The PLN ROI was a 4 mm sphere placed in the posterior-dorsal aspect of the thalamus identified using gross anatomical landmarks. V1 and hMT+ were identified using the automatic cortical segmentation toolbox in the FreeSurfer software package (Fischl et al., 2002 (Fischl et al., , 2004 Hinds et al., 2007) . See Fig. 1 panel 2b for ROIs from a representative participant.
Fiber tracking
Probabilistic fiber tracking was performed with the MRtrix software package (Brain Research Institute, Melbourne, Australia, <http://www.brain.org.au/software>). Constrained spherical deconvolution (CSD) was used to estimate local fiber orientation. CSD estimates were generated with a maximum spherical harmonic order L max = 6. CSD-based probabilistic tractography can produce connectome models that are well matched to the measured diffusion signal (Pestilli et al., 2014) . See Fig. 1 panel 2a for CSD models generated from a small subset of DWI voxels in a representative participant. Pathway estimates were generated by seeding all voxels in a specified ROI and probabilistically tracking until the tracking parameters 1B. 2B.
6.
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Tract profiles could no longer be satisfied. Only fibers terminating in the end-pair ROI were used for pathway estimation. Hemisphere-specific white matter masks of the posterior half of each brain were used to constrain pathway estimates to intrahemisphere white matter in the lobes of interest. A white matter mask of the posterior half of both hemispheres was used to anatomically constrain the fiber tracking when estimating interhemisphere fibers connecting left and right V1 and hMT+. A more detailed description of this probabilistic tractography protocol is provided in the ''Fiber-tracking'' section of Calamante et al. (2011) .
Fiber cleaning
Once the initial pathway estimates were created, we removed any fibers that were unlikely to belong to the pathway of interest using the Automated Fiber Quantification software package (Yeatman et al., 2012) . In short, the software computes the average distance between the individual fibers and removes any fibers (1) whose average distance from its neighbors is greater than 4 standard deviations or (2) shorter than 20 nodes. These ''cleaned'' fibers were then manually inspected for abnormalities. In one control participant, 10 fibers, which passed through CSF, were manually removed. The resulting fibers were used as the final pathway estimates (see Fig. 1 panel 3 for an optic radiation estimate from a representative participant).
Diffusion measures
We characterized the white matter by computing two measures based on the tensor fit to the diffusion signal from individual voxels: mean diffusion (MD) and fractional anisotropy (FA). Mean diffusivity reflects how freely water diffuses in a given part of the brain and is a measure of diffusion magnitude. Smaller MD values indicate more restricted diffusion of water, indicating greater tissue density and/or increased myelination in the associated tissue. Fractional anisotropy is a measure of diffusion directionality (the normalized inverse of MD), indicating how freely water diffuses in one direction, relative to the 2 other perpendicular directions.
Tract-based analysis of diffusion measures
Mean MD and FA measures for each pathway were obtained for each participant. Since pathway length varied between participants, we normalized the number of samples obtained for each pathway by sampling 100 evenly spaced cross-sectional nodes along the length of the fiber estimates (Fig. 1, panels 4 & 5) . This approach is part of vistasoft (github.com/vistalab/vistasoft) and has been described in detail in the context of the AFQ package (Yeatman et al., 2012) . Only the middle 60% of samples taken along the normalized length of the fibers were used for analysis to ensure that the dataset included only unambiguous white matter and not voxels at the gray/white matter interface. This was a particular concern, as gray matter abnormalities may exist in patients with amblyopia (Barnes et al., 2010; Lv et al., 2008) .
The resulting 60 samples for both the left and right tracts of each pathway were combined, generating a single set of 120 samples for each pathway of interest for each participant. We then averaged across these 120 samples for each participant to provide a single-value estimate of the average properties of a given pathway for each participant. A mixed-factor ANOVA was used to test for main effects of group (participants with amblyopia versus controls), pathway, and interaction between the two factors. In addition, post hoc independent-sample t-tests were used to compare the mean MD and FA measures for each pathway between participants with amblyopia and controls. See Fig. 3 for a plot of the difference in MD and FA between amblyopes and controls for each pathway considered.
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Fig. 2. Visual white matter pathways estimated by probabilistic tractography in representative participants with amblyopia (A) and controls (B).
LGN = lateral geniculate nucleus; PLN = pulvinar nucleus. Each pathway is color-coded.
Results
Anatomy of the early visual pathways
We successfully identified the six pathways of interest in all participants using constrained spherical deconvolution paired with probabilistic tractography. Fig. 2 shows pathway anatomy estimates for six representative participants (three participants with amblyopia and three controls).
Comparisons between controls and participants with amblyopia
For the MD data, a mixed-factor ANOVA revealed a significant main effect of both group (amblyopes vs. controls) (F 1,5 = 5.43, p = 0.032), and pathway (F 1,5 = 28.89, p < 0.0001) but no interaction between the two factors (F 1,5 = 0.60, p = 0.70). No main effects or interactions were observed for the FA data (F 1,5 < 3, p > 0.05 for all comparisons).
Post hoc t-tests revealed significant differences in MD between amblyopes and controls within all three thalamocortical tracts (LGN-V1: t 17 = 3.80, p < 0.002; LGN-hMT+: t 17 = 3.57, p < 0.005; and PLN-hMT+: t 17 = 3.44, p < 0.005). As shown in Fig. 3 , amblyopes exhibited greater MD in the thalamocortical tracts than controls. Representative anatomy estimates for these three thalamocortical pathways are shown in Fig. 4 along with groupaveraged tract profiles showing the differences in mean MD across the length of these pathways (middle and bottom). No significant differences were found for MD values within the cortico-cortical tracts (V1-hMT+, V1-V1, and hMT-hMT+ (t 17 < 1.5, p > 0.05, for all pathways; Fig. 5 ). In addition, no differences were found for FA values for any tracts (p > 0.05; Fig. 3B ).
Finally, we found no significant correlations between white matter properties (in individual pathways or averaging across all pathways) and visual acuity, age, gender or type of amblyopia (all p > 0.05). While age-related diffusion differences have been observed, our experimental groups are closely age-matched and mean age did not differ significantly between the two groups, suggesting our results are likely not confounded by age related differences. Finally, we found no significant differences in mean MD or mean FA in pathways contra-versus ipsi-lateral to the amblyopic eye (all p > 0.05).
Discussion
Methodological advances in tracking the early visual pathways
First, we assessed whether novel DWI techniques could identify six pre-specified white matter tracts within the human visual system. By combining constrained spherical deconvolution (CSD) and probabilistic tractography, all six of the pathways could be identified. Probabilistic tractography methods such as the one used here have been recently shown to produce superior mapping of whitematter pathways (Pestilli et al., 2014) . Previous reports using tensor-based deterministic tractography methods (i.e., streamline tracing techniques, STT) failed to identify some of the pathways under investigation, including the pathway between the LGN and hMT+ (Lanyon et al., 2009) . In an initial investigation, we replicated this limitation. Specifically, we were unable to identify several of the callosal and thalamo-cortical pathways in the majority of participants. CSD-based fiber tracking offers major advances over traditional tensor-based tracking (Pestilli et al., 2014; Tournier et al., 2008) . Primarily, because CSD allows for the modeling of multiple fiber orientations in a single voxel, CSD-based probabilistic tractography is more robust in regions of the white matter that contain both parallel and tangential fiber crossings (Tournier et al., 2008) . It should be noted that the addition of each new local fiber orientation to a CSD estimate comes with a cost function. Thus, greater numbers of DWI scan directions will not necessarily result in CSD estimates that provide greater numbers of local fiber orientations.
Although significant differences were found between amblyopes and controls for MD, we did not find such differences for FA. FA values were much more variable both within and between participants. While we did observe trends in the data such that FA and MD showed opposite patterns (FA is the normalized inverse of MD), the absence of any significant effects of FA in our analysis is likely due to the larger variability inherent to fractional measures.
Abnormal visual white matter properties in amblyopia
Secondly, we tested whether amblyopia is associated with abnormal white matter structure. We found that participants with amblyopia exhibited larger MD values (greater diffusivity) in the LGN-V1, the LGN-hMT+ and the PLN-hMT+ pathways. These effects were not present in cortico-cortical tracts. Increased MD values may be associated with decreased axonal density, decreased myelination, and/or less orderly organization of white matter axons (see Alexander et al., 2012 for an in-depth review of the anatomical properties associated with DWI measures). Therefore our results suggest that white matter tracts at an early, thalamic stage of the visual pathway are affected by amblyopia. This idea is consistent with previous reports of abnormal LGN structure (Barnes et al., 2010) and function (Hess et al., 2009 Miki et al., 2003) in humans with amblyopia. In addition, reduced feed forward and feedback connectivity between the LGN and V1 has been demonstrated for adults with amblyopia as well as abnormal patterns of functional activity within the PLN (Thompson et al., 2012) . Our results suggest that these functional and structural changes affecting thalamic areas in patients with amblyopia also involve impaired white matter development.
Mean MD difference (%)
LGN-V1
LGN Unfortunately, the number of amblyopic participants in our study prevents us from separately characterizing the effects of strabismic versus anisometropic amblyopia on white matter structure. Therefore, the degree to which the individual symptoms of amblyopia may affect the white matter is open to future investigation.
Anatomical limitations and implications
To our knowledge, this is the first study to identify white matter pathways connecting both the LGN and PLN of the thalamus to extrastriate area hMT+ in humans reliably in vivo. While tractography is vulnerable to false-positive pathway identification (Thomas 
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LGN et al., 2014), these pathway estimates do provide evidence for direct thalamic connections with area hMT+ in humans akin to those found in non-human primates. Further tractography quantification analyses as well as ex vivo studies are needed to support these findings. An active research question in tractography and diffusion imaging is the degree to which white-matter fibers (and the tracts they pertain to) cross in the brain. Recent reports have shown that a majority of white-matter may very well comprise multiple coexisting tracts whose properties are difficult to disentangle Pestilli et al., 2014; Vos et al., 2012; Wedeen et al., 2012) . This has important implications for our work, especially because several of the pathways we discuss overlap anatomically, as can be seen in Fig. 2 . In addition to the pathways we have studied, other pathways coexist within the same portion of the white matter (notable examples are the inferior front occipital fasciculus and the inferior lateral fasciculus, Yeatman et al., 2012) .
The thalamic ROIs in this study were identified based on relatively easily discriminable anatomical landmarks and deterministic DWI techniques. In the absence of functional localizers, the cortical ROIs were identified using the automatic cortical segmentation toolbox in the FreeSurfer software package. Visual inspection of the cortical ROIs revealed them to correspond closely to their known location and morphology, although we cannot exclude the possibility that the method of ROI identification provides somewhat different results for participants with amblyopia versus controls.
More generally, the multi-millimeter voxel resolution of our diffusion scans coupled with the partially overlapping nature of the three thalamo-cortical pathways, means that we cannot exclude concerns regarding the independence of the findings in these three pathways. While our findings highlight the need to further develop techniques to parcel out the white matter properties of specific pathways, we can conclude that there is significantly increased diffusivity in visual white matter regions occupied by these thalamo-cortical visual pathways, which is likely the consequence of the effects of amblyopia on neural development.
